Radiation-induced damage during plasma processing of semiconductor materials can adversely affect device reliability. However, it has been shown that vacuum ultraviolet ͑VUV͒ radiation ͑8-20 eV͒ can beneficially deplete previously deposited charge on the surface of dielectrics by temporarily increasing their conductivity. Incident VUV photons can cause photoemission and form electron-hole pairs in the dielectric thus producing the desired increased conductivity. To verify this, statistical information obtained from a Monte Carlo simulation is used to model VUV exposure of dielectrics. The simulation calculates the surface potential on the dielectric produced by electron photoemission, which compares favorably with experimental surface-potential measurements made using a Kelvin probe.
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Electrons photoemitted from the dielectric lead to the formation of a positive potential. 4 Electrons are emitted if they have sufficient energy to overcome this potential. Experimentally, the photoemission current first increases and then decreases as the potential on the substrate rises to a constant value as shown in Fig. 1 . 5 We hypothesize that a Monte Carlo 6 simulation of VUV radiation interacting with a dielectric can predict the photoemitted dielectric surface-charge density and the resulting surface potential. To compare the simulation with experiment, the surface potential on a dielectric charged with a beam of VUV photons produced by a synchrotron was measured using a Kelvin probe. 3 The process can be broken down into several parts. They are: ͑1͒ Photoelectric absorption, which leads to electronhole pair production, ͑2͒ electron excitation, and/or ͑3͒ photon ͑Rayleigh͒ scattering. If an electron-hole pair is produced, following the trajectory of the electron determines whether it is emitted or remains trapped in the dielectric. The emitted electrons contribute to a net charge buildup.
For energies between 8-20 eV, the dominant photonatom interaction processes are Rayleigh scattering and photoelectric absorption. 7 At low energies ͑Շ500 eV͒, photoelectric absorption significantly dominates Rayleigh ͑elastic͒ scattering. 8 In addition, Rayleigh scattering does not contribute to any significant energy loss because the photon is deflected only by a very small distance.
After electrons are excited into the conduction band, their dynamics are governed primarily by elastic scattering, 7 which is included in the simulation. Inelastic scattering of the electrons, although small, cannot be neglected because this determines the energy loss of an electron along its trajectory. If inelastic scattering were not included, an overestimation of the positive-charge density in the dielectric would occur since more electrons would be predicted to leave the dielectric. To correct for this, inelastic scattering for electrons is included using the continuous slowing down approximation ͑CSDA͒. The cross sections for photoelectric absorption were obtained from the form factor, attenuation, and scattering tables published by the National Institute of Standards and Technology ͑NIST͒. 10 Since the uncertainty 10 in these quantities at VUV energies can be a factor of 2 or higher, we use an approximate formula 10 for the cross sections. We determine them from the mass photoabsorption coefficient given in Ref. 10 by use of Eq. ͑1͒
where MW is the molecular weight of the dielectric containing weighted cross sections are ͚ i x i ai and are used in the simulation.
When an electron-hole pair is formed, the electron energy is E photoelectron = E h − E band gap , where E h ͑eV͒ is the photon energy and E band gap ͑eV͒ is the band-gap energy. Since we use a monoenergetic beam of photons, the electrons injected into the conduction band are also initially monoenergetic.
If an electron is emitted from the dielectric, it overcomes the potential ͑electron-affinity͒ barrier, which is of the order of 1-2 eV for silicon nitride. The energy of a photoemitted electron is, therefore, E photoelectron ജ E h − E band gap − E aff , where E aff ͑eV͒ is the energy required ͑electron affinity͒ for an electron to be removed from the conduction band and to be emitted from the dielectric. The photoelectrons in the above equation are not monoenergetic since their energy depends on the total distance that the electrons travel in the dielectric before being emitted.
To calculate the electron trajectory, we assume it undergoes a number of elastic and/or inelastic scatterings before it is either expelled or loses all of its energy. For elastic scattering, the trajectories are developed as follows. 11 The distance s traveled by an electron between successive scatterings is a random variable that follows the probability distribution given by
where is the mean-free path given by
and n is the density ͑atoms/ cm 3 ͒, and Mott ͑cm 2 ͒ is the Mott elastic scattering cross section. 11 s is related to a random number r which is uniform in the interval ͓0,1͔ as s =−ln͑r͒.
To determine the angular distribution of the scattered electrons, we use an empirical form for the differential elastic-scattering cross section. 12 This cross section has two terms, the screened Rutherford cross section 12 which accounts for elastic electron Coulomb scattering, and an isotropic scattering cross section. The latter is needed to correct for the fact that the Rutherford cross section is highly peaked in the forward-scattering direction and thus overestimates forward scattering. 12 The ratio of the Rutherford to the isotropic cross sections is used to determine the scattering angle ͑polar angle͒ of the electrons. This is
where E͑eV͒ is the photoelectron energy and Z is the atomic number of the scattering center. The probability of a given event to occur is proportional to the normalized magnitude of its corresponding cross section. 13 Initially, a random number with uniform distribution between 0 and 1 determines if the scattering event is Rutherford or isotropic based on Eq. ͑4͒. For Rutherford scattering, the polar scattering angle in spherical coordinates is cos =1−͑2␣m /1+␣ − m͒, where m is another random number uniformly distributed between 0 and 1, and ␣ ͑di-mensionless͒ is the Rutherford screening parameter, 12 7 ϫ 10 −3 / E, where E͑eV͒ is the photoelectron energy. For isotropic scattering, the scattering angle is cos =1−2m. The photons are assumed to be normally incident on the surface and the photoemitted electrons are isotropically distributed around the incident axis.
For inelastic scattering, the CSDA ͑Ref. 14͒ approximates the energy lost by an electron per unit distance traveled and is the stopping power ͑SP͒ for a material. Using the expression for photoelectron energy above, we estimate the photoemitted ͑which may or may not be expelled͒ electrons to have an energy of ϳ15 eV for 20 eV incident photons. For 15 eV electrons in Si 3 N 4 , the SP is 0.064 eV/ Å.
14 The trajectory calculation ends when the electron energy drops below 8 eV or when it escapes the dielectric. The 8 eV lower limit is the approximate sum of the band-gap energy and the energy needed to expel the electron. Thus, for an SP of 0.064 eV/ Å, a 15 eV electron can no longer be expelled after traveling a distance of ϳ100 Å.
The other randomly generated parameters are: ͑1͒ The surface location of the incident photon on the dielectric, ͑2͒ the distance traveled by the photons before they interact with an atom, and ͑3͒ the distance and direction traveled by the electrons after each scattering event. The 20 eV photons are assumed normally incident on a Si 3 N 4 dielectric of 3000 Å thickness. Results show that a typical penetration depth of 20 eV photons is of the order of 80-100 Å. For these conditions, the simulation predicts that ϳ2.7% of the photoemitted electrons will be expelled from the dielectric.
Next, the maximum number of electrons that can be collected by an external circuit from those emitted from the dielectric was computed. This must be done separately because the simulation does not explicitly take into account the charge buildup on the surface of the dielectric due to the emission of photoelectrons.
In the experimental results shown in Fig. 1 , the expelled electrons are collected by a plate located 3 cm above and parallel to the dielectric and biased to +48 V. 3 The plate has a circular aperture to allow the VUV beam to reach the dielectric. By plotting the instantaneous value of the collected current versus substrate voltage, which can be obtained point by point from Fig. 1 , it was observed that the collected ͑pho-toemission͒ current varies as ⌬V 3/2 , where ⌬V is the voltage between the plate and the substrate, i.e., the difference between the plate bias voltage and the substrate voltage. This dependence indicates that the current is space-charge limited and obeys the Child-Langmuir law. 15 As the dielectric charges up, ⌬V decreases with time, resulting in a decrease of the photoemission current shown in Fig. 1 .
To compute the surface-charge density, we calculate the total number of electrons that have escaped from the dielectric and which traverse the space charge to be collected by the plate. It is assumed that an equivalent number of holes are left behind in the dielectric, thus forming a positive surface charge. Figure 2 shows that nearly all of the photoemitted electrons are produced inside of the area of the photon beam, thus we assume the charge is uniformly distributed over this area. We now calculate the surface charge density by using the following expression:
where s is the charge density at time t 0 . is the fraction of emitted electrons that are collected by the plate, and is proportional to the photoemission current and thus varies as ⌬V 3/2 . The maximum value of occurred at t = 0 when ⌬V = + 48 V was 0.0267. In Eq. ͑5͒ ⌫ p is the photon flux ͑5 ϫ 10 10 photons/ s͒, q e is the electronic charge, and A͑1.05 cm 2 ͒ is the photon-beam area. To find the total photoemitted charge, t 0 was set to 28 s and Eq. ͑5͒ yields a surface charge of 1.12 C/m 2 . For this charge density, the Kelvin probe used in this experiment indicates a surface potential of 3.2 V.
To compare the simulation with experiment, a silicon wafer coated with 3000 Å of silicon nitride was exposed to 20 eV photons. The wafer was exposed for 28 s, which is approximately the time duration of the photoemission current shown in Fig. 1 . The surface potential on the dielectric was measured with the Kelvin probe. 3, 4 The photon flux in the VUV beam is roughly Gaussian in shape. The background potential on the dielectric ranged from 0-1 V. At the center of the beam, the surface potential was 2.65 V, which is comparable to the potential obtained from the Monte Carlo simulation.
The surface potential computed from the simulation is well within a factor of 2 of the experimental measurements. Statistical information about the emitted electron percentage, photon penetration depth, and electron transport was obtained from the Monte Carlo simulation. The simulation can calculate the photoemission-induced charge for a range of dielectrics and photon energies so that it is possible to compute the photoemission charge produced by the exposure of a dielectric-coated wafer to VUV photons produced by plasma exposure during semiconductor processing.
